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ABSTRACT 

by Theodore A. Brabbs and Frank E. Belles 
Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio 

The equilibrium pressure a f t e r  interaction of a ref lected shock with 
the contact surface ca,n be confused with the ta i lored s ta te ,  unless quan- 
t i t a t i v e  pressure measurements are made. Such measurements were used t o  
f ind the t rue  ta i lored conditions for C02 + Ar and C02 + Ar + He mixtures, 
and for  N2 driven by He. 
with these resulted when the r e a l  performance of the tube, instead of the  
idea l  performance, was employed i n  the  usual ta i lo r ing  formula. This sug- 
gss%s a rapid systematic way t o  prochze the ta i lored  s ta te ,  and shows that 
it w i l l  not be the same i n  a l l  tubes. However, a small pressure excursion 
due t o  contact-surface interaction s t i l l  remains even when perfect t a i l o r -  

Calculated conditions i n  excellent agreement 

ing i s  achieved. 

INTRODUCTION 

I n  recent years considerable use has been made of the reflected shock 
wave i n  studying high temperature gas dynamic phenomena. Because it pro- 
vides s ta t ionary t e s t  gas, increased t e s t ing  t i m e ,  higher gas enthalpy.and 
density, and lends i t s e l f  t o  chemical sampling, the reflected-shock ‘tech- 
nique has found wide usage i n  chemical shock tubes and shock tunnels. 
However, both applications require a detailed understanding and close con- 
t r o l  of the state of the gas behind the reflected shock wave. 
interact ion between the reflected shock wave and the contact surface causes 
a pressure and temperature distrubance t o  be reflected back in to  the test  
zone, it i s  desirable t o  eliminate th i s  interaction. This i s  usually ac- 
complished by using the tailored-interface mode of operation. 

Because 

.. :.. 
r. 

I n  the tailored-interface mode, i n i t i a l  conditions i n  the driver 
(diaphragm pressure ra t io ,  gas composition, and in  some tubes, tempera- 
t u re )  a r e  adjusted s o  tha t  the reflected shock wave, on encountering the 
contact surface, produces the same pressure and the same par t ic le  velocity 
on both sides of it. These requirements, when expressed in  terms of the 
usual re la t ions among shock strength and gas properties, lead t o  the t a i l o r -  
ing formula 
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However, when t h i s  equation i s  used the calculations a re  usually made by 
assuming the shock tube behaves ideally; t ha t  is ,  the Mach number i s  re-  
lated t o  the i n i t i a l  pressure r a t i o  Pgl by the  ideal  shock tube perfor- 
mance equations. 
i n i t i a l  t e s t  conditions calculated from equation (1) are  only approximate, 
and achievement of t a i lo r ing  can be established only by observing the ex- 
perimental pressure record. 
i s  t o  calculate the i n i t i a l  t a i lo r ing  conditions and t o  use these t e s t  
conditions t o  obtain an experimental pressure record. 
not been achieved, which i s  the usual case, the i n i t i a l  pressure r a t i o  
(P41) is  adjusted somewhat and another pressure record i s  obtained. 
cause it i s  d i f f i c u l t  t o  judge how much the pressure r a t i o  must be changed 
by looking a t  the pressure record, the procedure usually requires several 
t e s t  runs. 
more d i rec t  method f o r  ta i lor ing  is  desirable. 

Because most shock tubes do not behave ideally, the  

The experimental procedure usually employed 

If t a i lo r ing  has 

Be- 

This procedure can be very t i m e  consuming and a simpler and 

Ideal ly  the ta i lored  oscillogram i s  expected t o  show the reflected- 
shock pressure as a flat-topped plateau, and i n  principle there should be 
only one incident-shock Mach number that would yield such a record for  a 
given driver-driven gas combination. 
the qual i ta t ive appearance described are  obtained over a small range of 
incident Mach numbers close t o  the ta i lor ing conditions. This i s  because 
the interaction i s  weak and has l i t t l e  e f fec t  on the pressure history. If, 
however, the shock tube is operated outside t h i s  range, the reflected shock 
wave w i l l  experience multiple reflections between the contact surface in- 
terface and the end of the tube. The r e su l t  of these multiple shock re- 
f lect ions i s  the formation of a quasi-uniform region known as the "equilib- 
r ium" s t a t e  ( re f .  1). This equilibrium s t a t e  l i ke  the ta i lored s t a t e  is  
characterized by a flat-topped pressure his tory as shown in  figure 1. 

I n  practice, however, records having 

Figure 1 shows a typical  nontailored pressure-time history. The ar- 

The f la t  region a f t e r  the interaction 
r i v a l  of the ref lected disturbance from the contact surface can be seen by 
the  abrupt change i n  the pressure. 
i s  the equilibrium state .  
suff ic ient  proof that ta i lor ing  has been achieved. 
t o  be presented l a t e r  show tha t  confusion can ex i s t  between these two states 
and t h a t  a be t t e r  c r i te r ion  f o r  ta i lor ing  i s  required. 

Thus a flat-topped pressure record i s  not always 
Experimental resu l t s  

A t  Mach numbers greater than the ta i lored  one, the equilibrium pressure 
(p,) i s  greater than the reflected shock pressure ( p5). 
Mach number, pe < p5' 
act ion and pe = p5- Therefore, the c r i te r ion  for  t a i lo r ing  chosen fo r  t h i s  
work was that the pressure a f t e r  interaction be equal t o  the i n i t i a l  re- 
f lec ted  shock pressure; t ha t  i s ,  Pe = 1. A plot  of Pes against M w i l l  
y ie ld  the experimental ta i lored Mac2 number whicbcan be compared w i t g  the  
calculated one 

Below the  ta i lored 
When ta i lor ing has been achieved there i s  no in te r -  
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. 
The aims of the present work then were (1) t o  determine the ta i lored  

Mach number for  several  driver-driven gas combinations from the c r i te r ion  
= 1 and t o  compare it with the value calculated by means of equa- 

t i on  (l), and ( 2 )  t o  develop a straightforward and rapid means of arr iving 
a t  the ta i lored conditions without resorting t o  tr ial-and-error methods. 

SYMBOLS 

A i j  ai/"j 

a sound speed 

M, incident shock Mach number 

m molecular weight 

P pressure 

T temperature 

Uij ui/aj 

U par t ic le  velocity 

a Y + l  
Y - 1  

rS-1 
2Y 

B 

Y Cp/Cv r a t i o  of specif ic  heats 

Subscripts : 

e equilibrium region after interaction 

1 undisturbed t e s t  gas 

2 region behind incident shock wave 

3 region behind contact surface 

4 undisturbed driver gas 

5 region behind reflected shock wave 

3 
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APPARATUS 

The shock tube w a s  of the single-pulse type and w a s  s i m i l a r  t o  t h a t  
described by Glick, Squire, and Hertzberg (ref .  2 ) .  It was made up of 
sections of 6.35-centimeter inside-diameter s ta in less -s tee l  tubing; the  
driven section was 3.2 meters long and the  driver 1.88 meters. 
tank volume w a s  &bout 5600 l i t e r s .  The basic  instrumentation consisted 
of three miniature piezoelectric pressure transducers located 11.4, 29.2, 
and 47 centimeters from the end of the shock tube. 
s tar t -s top c i r cu i t s  of two microsecond time-interval meters so  tha t  the 
velocity could be measured over two intervals fo r  each run. A fourth 
pickup located 11.4 centimeters from the end of the tube was a calibrated 
SLM (Kist ler  Inst .  Corp., type 601) pressure transducer. I ts  output, re- 
corded on an oscilloscope, gave the pressure-time his tory i n  the  reaction 
zone behind the reflected shock wave. 
shock tube could be moved t o  within 0.63 centimeter of the SIN pressure 
transducer by inser t ing close f i t t i n g  plugs in to  the tube. 

The dump 

These operated the 

The ref lect ing surface of the 

In  order t o  eliminate contamination of the helium driver gas by 
residual a i r ,  the driver section w a s  evacuated t o  1 t o r r  or less  and then 
purged w i t h  helium before f i l l i ng .  

The t e s t  section was always evacuated t o  about 4~10'~ t o r r  and flushed 
with tes t  gas before f i l l i ng .  "his section was isolated from the pump by 
a cold t r a p  cooled i n  l iquid nitrogen and had a leak r a t e  of 1 t o  2 ~ 1 0 ' ~  
t o r r  per minute. 

The driven gases were nitrogen and various mixtures of argon, helium, 
and carbon dioxide. 
pressures. 

The mixtures were prepared by the method of partial 
The procedure w a s  described i n  a previous paper ( ref .  3). 

RESULTS AND DISCUSSION 

I n  each experiment the following data were obtained: i n i t i a l  temper- 
a ture  and pressures of driver and driven gas, incident shock veloci t ies  
(over two intervals) ,  and an oscilloscope record containing the pressure- 
time history. The shock veloci t ies  over the  two intervals  were generally 
found t o  be the same within the  resolution of the measurement; therefore, 
attenuation was neglected. The pressure transducer was dynamically C a l i -  

brated by plot t ing the  measured p5 against the calculated p5. Figure 2 
is  the cal ibrat ion plot  fo r  the  t e s t  gases used. 

Pressure Histories 

A survey of the l i t e r a tu re  showed t h a t  some of the typ ica l  pressure 
records reported were extremely d i f f i cu l t  or impossible t o  interpret  f o r  
the f irst  300 t o  500 microseconds a f te r  passage of the reflected shock 
wave. This was due mainly t o  three things; 

4 
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(1) Acceleration response of the  transducer 

( 2 )  Excessive ringing of the  transducer due t o  the  mounting 

(3) Effect exerted on the pressure record by the  interaction of the 
reflected shock wave and the boundary layer 

This i nab i l i t y  t o  determine the i n i t i a l  ref lected shock pressure with 
any cer ta inty lead us t o  question whether the flat-topped equilibrium state 
w a s  not being confused with the tailored s ta te .  I n  order t o  i l l u s t r a t e  t he  
problem as it might a r i se  from the th i rd  cause j u s t  l i s t ed ,  two reflected- 
pressure records were obtained i n  nitrogen a t  the  same incident Mach number. 
Nitrogen w a s  selected as the t e s t  gas because it i s  subject t o  strong b i fur -  
cation of the reflected shock near the w a l l ,  as described by Mark ( re f .  4). 
Center (ref.  5) showed t h a t  the bifurcation becomes more pronounced as the 
shock recedes from the end wall. Thus, a pressure record obtained close t o  
the end wall may clear ly  resolve p , while one obtained fa r ther  away w i l l  
have p5 obscured by the e f fec ts  o? shock bifurcation. 

The resu l t s  of these tests are shown i n  f igure 3. 
tained at  0.63 centimeter from the end w a l l ,  the a r r i v a l  of a strong dis-  
turbance from the contact surface a t  about 500 microseconds shows clear ly  
t h a t  t a i lo r ing  did not occur. 
obtained a t  11.4 centimeters from the end w a l l ,  the interaction blends with 
the disturbance i n  the boundary layer t ha t  r e su l t s  from the more pronounced 
bifurcation. The record thus indicates a smoothly rounded pressure f ront  
followed by a plateau. 

I n  f igure 3(a), ob- 

But i n  the record of figure 3(b), which was 

If the shock bifurcation w e r e  assumed t o  be responsible f o r  a l l  the  
curvature i n  a t race  such as figure 3(b), then it would be quite possible 
t o  conclude tha t  the f la t  portion signals the achievement of tailoring. 
I n  making t h i s  mistake, errors  i n  pressure and temperature would a r i s e  
amounting, i n  t h i s  particular case, t o  about 40 percent i n  the pressure 
and 180' K i n  the temperature. 
experiments. 

This i s  much too large an error  fo r  most 

Thus, t h i s  experiment has shownthat a greater degree of'confidence 
can be achieved i n  t a i lo r ing  by locating and mounting the pressure trans- 
ducer so that the ref lected shock pressure (p5) can be measured and com- 
pared with theory. If t h i s  is  impossible, then the equilibrium pressure 
should be measured and compared with the calculated 
t a i lo red  conditions these two should be equal. 

p5 since a t  the 

Tailoring 

The f i r s t  experiments were conducted with 7 percent C02 + 93 percent 
A r  driven by helium. 
The a r r i v a l  of the reflected disturbance from the contact surface can be 
seen by the abrupt change in  the pressure. The f la t  region a f t e r  the in- 
te rac t ion  i s  the  equilibrium s ta te .  The value of pe5 was determined by 

Figure 1 shows a typical  pressure-tfme history. 

5 
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using the r a t i o  of the distances measured on the oscilloscope t race  fo r  
pl - p5 and p1 - pe where p1 was the i n i t i a l  pressure. This method 
has a small error  since the i n i t i a l  pressure 
measurement. However, t h i s  e r ror  i s  always less  than 0.3 percent i n  
pes, which is  l e s s  than other sources of error  i n  the determination. 
f igure 4 pe5 
is  a l so  typ ica l  of the  data f o r  the other driver-driven gas combinations. 
Plotted a l so  is  the ta i lored  Mach number calculated by equation (1) when 
idea l  performance i s  assumed. This lack of agreement between experiment 
and theory i s  usual f o r  most ta i lored  experiments and is probably due t o  
the nonidealbehavior of most shock tubes. 

p1 should be added t o  each 

In 
is  sham plotted against the incident Mach number, which 

A performance curve (Pgl against Ms) for  t h i s  gas combination i s  
shown i n  figure 5, The ideal-performance curve i s  obtained f o r  a r e a l  gas 
by using the re la t ion  

which f o r  a monatomic driver gas is 

and U21 a re  r e a l  gas shock properties. The experimental 
p21 

where 
data i s  above the idea l  curve, which is typical  for  most shock tubes. 
This behavior can be caused by a number of things such as diaphragm open- 
ing or  shock attenuation. In  any event, t h i s  higher than idea l  P4 can 
e f fec t  the t a i lo r ing  conditions because the temperature r a t i o  T34 teq. 
(1)) is  calculated from the adiabatic expansion of the driver gas. And 
since the  real p4 i s  higher than ideal, the temperature T3 will be 
lower than previously calculated. 
Mach number calculated by means of equation (l), which is  what was ob- 
served experimentally. Therefore, the t a i lo r ing  calculations were per- 
formed by using the actual  performance of the shock tube. 
t h i s  calculation i s  shown i n  figure 4 and i s  c lear ly  i n  close agreement 
with t h e  experiment. 

This would tend t o  lower the ta i lored 

The resu l t  of 

The Mach number a t  which ta i lor ing occurs was calculated by using 
equation (1) and variable 
binations studied. The resu l t s  of  these calculations a e  shown i n  h- 
b l e  I along with the experimentally-observed ta i lored  Mach number. 
7 percent CO + 93 percent A r  and nitrogen t a i lo r ing  calculations were 2 a l so  made for  constant y shock properties; these two examples showed 

y shock properties fo r  the ser ies  of gas com- 

For 
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t ha t  the simpler constant y calculation was as good as the variable y 
calculation i n  the Mach number range of these experiments. 
seen tha t  a l l  t a i l o r ing  calculations f a i l  when the ideal  performance of 
the shock tube is  used i n  the calculation. 
mance i s  used, the agreement with experiment is  excellent. 

It can be 

However, i f  the actual  perfor- 

The actual  performance curves for a l l  gas mixkures used were found 
t o  be about para l le l  t o  the idea l  curves. This makes it possible t o  ob- 
t a i n  the actual  performance curve f o r  a given driver-driven gas combina- 
t i on  a f t e r  j u s t  one t e s t  run. With the actual  performance of the shock 
tube so obtained the ta i lored  Mach number can be calculated, and the 
second experimental run should be extremely close t o  being tailored. 
it should happen tha t  the f i r s t  
run should correct t h i s  and the  th i rd  test  should be tailored, 

If 
were somewhat i n  error,  the second P41 

Contact Surface 

Figure 6 i s  a pressure his tory for the ta i lored  conditions predicted 
by the  present method. The pressures p5 and p, a re  equal as required 
but the r i s e  and f a l l  of the  pressure (hump) i s  out of character with the  
ideas of ta i lor ing.  
cold driver and hot driven gases i n  the contact zone. Evidence that the  
hump i s  associated with the contact surface can be provided by comparing 
experimental a r r iva l  times ( t i m e  from passage of the  ref lected shock wave 
t o  re turn of the reflected disturbance from the contact surface) with cal- 
culated values, 

This hump probably resu l t s  from the  mixing of the 

Figure 7 shows a typical  time-distance diagram of the kind used t o  
calculate  a r r iva l  times. Several of these were constructed, fo r  various 
values of incident shock Mach number in  the 7 percent GO2 + 93 percent Ar 
mixture, Each diagram included both the t ra jec tory  followed by the con- 
t a c t  surface i n  an ideal  shock tube and the more r e a l i s t i c  t ra jectory cal- 
culated by the analysis of Wrels  (ref. 6) for  a turbulent boundary layer. 
I n  the l a t t e r  case, it was assumed that the gas mixture could be t reated 
as pure argon fo r  purposes of the calculation. 

I n  order t o  calculate a r r i v a l  times from these diagrams, the reflected 
disturbance from the contact surface was assumed t o  t r ave l  a t  the speed of 
sound i n  the undissociated and stationary gas behind the ref lected shock 
wave. The r e su l t s  are  plotted against Ms i n  figure 8. The contact sur- 
face t r a j ec to ry  calculated by the method of Mirels depends somewhat on in i -  
t i a l  pressure; two curves are  therefore shown tha t  correspond t o  the upper 
and lower extremes of i n i t i a l  pressure used i n  the present work. 

The experimental a r r iva l  times were obtained by assuming t h a t  any 
abrupt change i n  the slope of the reflected shock pressure his tory indi- 
cated t h e  a r r iva l  of the ref lected disturbance from the contact surface. 
I n  t a i lo red  records, a small dip i n  pressure invariably occurred j u s t  be- 
fore  t h e  hump and t h i s  was taken as the a r r iva l  of the disturbance (see 
fig.  6).  A t  Mach numbers above the ta i lored  value, the disturbance ap- 
peared as a sharp r i s e  i n  the pressure, as i n  figure 1. In order t o  

7 
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extend the  Lata below the  ta i lored  Mach number -Jr helium driver  gas, and 
t o  avoid ref lected rarefact ion waves whose a r r i v a l  t i m e  is  hard t o  read, 
some t e s t s  were made with an argon-helium driver. 
gave an eas i ly  read t race  with a sharp pressure r i s e  as i n  figure 1. 

This dr iver  mixture 

Figure 8 shows very good agreement between experimental arrival times 
and those expected on the  bas i s  of YLrels' contact surface t ra jectory.  
m e  a r r i v a l  times calculated f o r  an ideal  contact surface were far outside 
the  sca t t e r  of our data. The agreement between calculation and experiment 
suggests that a pressure hump i s  unavoidable even under ta i lored  condi- 
t ions,  and as mentioned ea r l i e r ,  t h i s  interact ion i s  probably due t o  the  
existence of a contact zone rather  than a contact discontinuity. It i s  
in te res t ing  t o  note t h a t  t h i s  zone evidently follows the  t ra jec tory  pre- 
dicted by Mirels, even though h i s  analysis t r e a t s  it as a discontinuity. 

CONCLUDING REMARKS 

Experiments showed t h a t  a flat-topped pressure record does not neces- 
This was  because the  equi- s a r i l y  prove t h a t  t a i lo r ing  had been achieved. 

librium state, which a l so  has a flat-topped pressure history,  can be con- 
fused with t h e  t a i lo red  state i f  the  pressure transducer does not follow 
the  i n i t i a l  ref lected pressure history. However, with t h e  c r i t e r ion  
pe = p5 no such confusion can ex is t ,  since p5 can be calculated and 
pe measured. 

An improved method f o r  calculating the  t a i lo r ing  conditions has been 
presented. It requires the substi tution of the actual  shock tube perfor- 
mance (P41 against Ms) i n  t he  ta i lor ing  equations. Tailored pressure 
records can be achieved i n  two o r  three systematic experiments. Since no 
two shock tubes necessarily have the  same performance curves, it follows 
from t h i s  work t h a t  t he  reflected conditions corresponding t o  ta i lored  
operation w i l l  be different i n  each tube, even though the  driver-driven 
gas combination i s  the  same. 

Even a t  the  ta i lored  conditions a small hump w a s  observed i n  the  
pressure record. This was shown t o  be associated with the  contact sur- 
face. Measured a r r i v a l  times (time from passage of t he  ref lected shock 
wave t o  a r r i v a l  of the  ref lected disturbance from the contact surface) 
i n  the  Mach number range of 3.1 t o  4.4 showed good agreement with those 
calculated by Mire&' analysis of the t e s t ing  time between the  shock wave 
and the contact surface. 
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